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ABSTRACT. We present an update of the ‘key points’ from the Antarctic Climate Change and the Environment
(ACCE) report that was published by the Scientific Committee on Antarctic Research (SCAR) in 2009. We summarise
subsequent advances in knowledge concerning how the climates of the Antarctic and Southern Ocean have changed in
the past, how they might change in the future, and examine the associated impacts on the marine and terrestrial biota.
We also incorporate relevant material presented by SCAR to the Antarctic Treaty Consultative Meetings, and make use
of emerging results that will form part of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment
Report.
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Introduction

Between 2006 and 2008 the Scientific Committee on Ant-

arctic Research (SCAR) undertook a major review of the

state and current understanding of Antarctic and Southern

Ocean climate science. The study spanned change from

Deep Time, through the Holocene and the instrumental

period, to predictions of possible change over the next

century under a range of greenhouse gas emission scen-

arios. The project Antarctic Climate Change and the

Environment (ACCE), was first discussed by the SCAR

executive committee at its meeting in Bremen in July

2004, at which it was agreed that SCAR should con-

sider carrying out an Antarctic climate assessment as a

counterpart to the Arctic Climate Impact Assessment to

contribute to the Antarctic Treaty Consultative Meeting

(ATCM) and the Intergovernmental Panel on Climate

Change (IPCC) deliberations. The plan for the assess-

ment was approved by the executive committee at its

meeting in Sofia, Bulgaria in July 2005 and formally

approved by SCAR delegates in Hobart, Australia in July

2006. The form and scope of the project was defined

at a SCAR cross-Standing Scientific Group meeting in

November 2006 with the writing and editing taking place

over the following two years. The project was coordin-

ated by a nine-person steering committee with a total of

97 scientists from 12 countries eventually contributing

to the writing. A draft of the report was distributed

and made accessible for comment to the international

Antarctic science community and beyond, leading to

further revision during 2008 and 2009. The resulting 526-

page report (Turner and others 2009a) was launched at the

Science Media Centre in the Royal Institution, London

on 30 November 2009. At the same time, a summary

review of the report was published in the scientific journal

Antarctic Science (Convey and others 2009).

Hardcopy versions of the report were distributed

to all the contributors, the 53 national representatives

at the UN Framework Convention on Climate Change

meeting in Copenhagen, five UN agencies, all 35

SCAR national delegates and several polar libraries.

An online PDF version of the report is available

to download without cost from the SCAR web site

(http://www.scar.org/publications/occasionals/acce.html)

or hardcopies are available to purchase from

http://www.scar.org/publications/.

During the preparation of the ACCE report it became

apparent that many areas of Antarctic science were ad-

vancing at a rapid pace and the editors strove to add the

latest results up until the time of printing of the volume.

However, it was also clear that while a large part of the

ACCE report would have lasting value as background

material, it would be necessary to update the report on

a regular basis as new research results emerged. Short

information papers describing recent advances in Antarc-

tic climate change and its possible impacts on biota were

presented to the ATCM in May 2010 (Punta del Este,

Uruguay), June 2011 (Buenos Aires, Argentina) and June

2012 (Hobart, Australia). These are at http://www.scar.

org/publications/occasionals/acce.html. While these up-

dates provided selected research highlights, a more in-

depth update on climate-related advances was still re-

quired. Here we update the ‘key points’ from the 2009

ACCE report. Whereas the original key points were an

executive summary of the full ACCE report and therefore

did not incorporate citations, the present paper is intended

as a stand alone report and includes a selection of key,

mostly recent, references. The 2009 ACCE report should

be consulted for comprehensive reference to the previous

literature.

Many of the key points from the original ACCE report

are still valid and have been left largely unchanged if the

science has not advanced significantly. Some areas of

science have developed rapidly since 2009 and the entries

have been rewritten completely to reflect the progress.

The Antarctic climate system

1. The Antarctic climate system varies on timescales

from orbital (tens to hundreds of thousands of years), to

millennial to sub-annual and is closely coupled to other

parts of the global climate system. The ACCE report dis-

cussed these variations from the perspective of the geo-

logical record and the recent historical period of instru-

mental data (approximately the last 50 years), discussed

the consequences for the biosphere, and documented the

latest numerical model projections of changes into the

future, taking into account human influence through the

release of greenhouse gases and chlorofluorocarbons to

the atmosphere. The report highlighted the large un-

certainties in the vulnerability of the West Antarctic Ice

Sheet (WAIS). The profound impact of the ozone hole

on the Antarctic environment over the last 30 years,

shielding the continent from much of the effect of global

warming was noted. This effect is not expected to persist.

Over the next century ozone concentrations above the

Antarctic are expected to recover and, if greenhouse

gas atmospheric concentrations continue to increase at

the present rate, temperatures across the continent are

projected to increase by several degrees and sea ice will

be reduced by about one third.

The geological dimension (Deep Time)

2. Studying the history of climate and the environment

provides a context for understanding present day climate

and environmental changes. It allows researchers to

determine the processes that led to the development of the

present interglacial period and to define the ranges of nat-

ural climate and environmental variability on timescales

from decades to millennia over the past million years, and

at coarser resolution across deep geological timescales.

Knowing this natural variability, researchers can identify

when present day changes exceed the natural range.

Palaeorecords show that periods of long-term stability

and periods of change are both normal. In addition, non-

linear abrupt climate changes can also occur.
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3. Concentrations of the greenhouse gas CO2 in

the atmosphere have ranged from ∼3000 ppm (parts per

million) in the early Cretaceous 130 million years ago

(Ma) to ∼1000 ppm in the late Cretaceous (at 70 Ma)

and early Cainozoic (at 45 Ma), leading to global temper-

atures 6◦ or 7◦C warmer than present. These high CO2

levels were products of Earth’s biogeochemical cycles.

During these times there was little or no ice on land. The

CO2-rich, ice-free, warmer earlier periods created what

is now referred to as a ‘Greenhouse World’. The later

parts of the Tertiary to the present: characterised by low

CO2, abundant ice and cool temperatures, created what is

referred to as an ‘Icehouse World’. In the pre-industrial

period of the early 19th century the concentration of CO2

in the atmosphere was about 280 ppm. It is the speed

with which greenhouse gas concentrations have increased

since the early 19th century that is of great concern to

scientists and policy makers.

4. The first continental-scale ice sheets formed on

Antarctica around 34 Ma, most likely in response to a

decline in atmospheric CO2 levels caused by a combina-

tion of reduced CO2 out-gassing from mid-ocean ridges

and volcanoes and increased carbon burial stimulated by

the erosion of newly rising mountains, the Himalayas.

This decline resulted in a fall in global temperatures to

around 4◦C higher than today. At a maximum these early

ice sheets reached the edge of the Antarctic continent,

but were most likely warmer and thinner than today’s

ice sheets. Further sharp cooling took place at ∼14 Ma,

probably accelerated by the growing physical and thermal

isolation of Antarctica as other continents drifted away

from it and the Antarctic Circumpolar Current (ACC)

developed. At that time the ice sheet thickened to more

or less its modern configuration. Alkenone-based CO2

reconstructions, from both high- and low-latitude sites in

the Atlantic and Southern Oceans show that CO2 levels

declined precipitously just prior to and during the onset

of glaciations, confirming that CO2 played a dominant

role in the inception of Antarctic glaciations (Pagani and

others 2011). During the Pliocene, 5–3 Ma, mean global

temperatures were 2–3◦C above pre-industrial values,

CO2 values may have reached ∼400 ppm, and sea levels

were 15–25 m above today’s. There is evidence for

Pliocene WAIS collapse from the ANtarctic geological

DRILLing (ANDRILL) project geological records, a

feature also simulated by models (Pollard and DeConto

2009), in response to this warming.

5. The beginning of the cooling of the South-

ern Ocean is thought to date from the latest Eocene-

Oligocene (circa 35 Ma). The establishment of the

oceanic Polar Front created a barrier for migration of

marine organisms between cold Antarctic and warmer

waters at lower latitudes. Both these factors promoted

adaptive evolution of the current Antarctic marine biota,

and led to an overall moderate species diversity and

regionally high biomass. The evolution of antifreeze

proteins and the loss of haemoglobin in the fish group

Notothenioidei are a prominent examples of diversific-

ation (Matschiner and others 2011), and of evolution

constrained by low thermal variability and tolerance

(Beers and Sidell 2011) in a habitat characterised by

temperatures close to freezing and high oxygen solubility.

The development of sea ice played a large part in the

success of Antarctic krill. These crustaceans have a

high potential to disperse and show regional genetic

variation and physiological plasticity similar to that of

icefish. The various species of krill, not all of which are

associated with sea ice, shaped the trophic structure of

the Antarctic open ocean ecosystem and serve as a major

food source for globally occurring seabirds and whales.

Despite the Polar Front acting generally as a barrier to

the dispersal of invertebrates and fish, some deep-sea and

shelf inhabiting species still exchanged with northerly

adjacent areas (Gutt and others 2010). During the late

Quaternary there is evidence from bryozoan communities

of a shallow seaway opening up between the Weddell

and Ross Sea (Barnes and Hillenbrand 2010). ANDRILL

results confirm the likely breakup of the WAIS at times

during the Quaternary.

6. In an analogous fashion, circumpolar atmospheric

circulation patterns isolated terrestrial habitats from po-

tential sources of colonists from lower latitudes. In

contrast with the marine environment, the combination

of continental scale ice sheet formation and advance, and

extreme environmental conditions, led to large-scale de-

cline of pre-existing biota, and to evolutionary radiation

amongst survivors. Fossil evidence shows the change

from species associated with arid sub-tropical climates of

Gondwanaland to cool temperate rainforest and then cold

tundra when Antarctica was isolated by the opening of

the Drake Passage and by the separation from Australia

along the Tasman Rise. Most of these species are now

extinct on the continent but, recent molecular, phylogen-

etic and fossil evidence suggests that some species groups

have survived and adapted to the environmental changes

including chironomid flies, mites, copepods, springtails,

nematodes, diatoms, green algae (De Wever and others

2009), cyanobacteria, and heterotrophic bacteria (Peeters

and others 2011). Many of these species are endemic to

the continent.

The last million years

7. The long periods of cold of the Pleistocene glaciation

(post 2.6 Ma) were subject to cycles of warming and

cooling. Periodicities of 20,000, 41,000 and 100,000

years calculated from sediment and ice cores show that

the cycles were paced by variations in the Earth’s tilt,

and its orbit around the Sun. These changes in incom-

ing solar energy initiated feedback loops whereby small

changes in temperature brought about larger changes in

global atmospheric CO2 and methane, which enhanced

the temperature rises by positive feedback. The cli-

mates of the two hemispheres were physically linked,

warming or cooling the planet as a whole through the

greenhouse effect. These processes led periodically to
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the development of short warm interglacial periods like

that of the last 10,000 years. Over the past 450,000 years

warm interglacial periods recurred at intervals of around

100,000 years. Prior to that, interglacials were less warm

and before a million years ago they recurred at intervals

of close to 40,000 years.

8. Palaeoclimate data, including Antarctic ice core

records from glacial cycles over the last 800,000 years,

show that CO2 and mean global temperature values

ranged globally from 180 ppm and 10◦C in glacial

periods to 280 ppm and 15◦C in interglacial periods.

In Antarctica, the pre-industrial cold periods were on

average 9◦C colder than interglacials. Ice sheets in Ant-

arctica and on the northern continents expanded in glacial

periods, with sea level dropping by 120 m on average.

Ice core data suggest a major control by the Southern

Ocean on glacial-interglacial variations in atmospheric

CO2 concentration, due to changes in CO2 solubility

(less CO2 dissolves in warm seas), the efficiency of the

‘biological pump’ (which transfers CO2 in deep ocean

waters during glacials, with most subsequently being

stored in sediments) and changes in atmospheric and

ocean circulation (the thermohaline conveyor belt sped up

during interglacials, pushing more CO2-rich deep water

to the surface), and in sea ice cover (the melting of sea ice

during interglacials exposed upwelling deep water rich in

CO2 to the atmosphere, encouraging ocean-atmosphere

exchange).

9. Ice cores from Antarctica show that some intergla-

cials in the last 400,000 years reached temperatures up to

5◦C higher than they are today. Sea level was also higher

in some of these interglacials, with possible extremes of 9

m higher in the last interglacial. Methane ranged between

about 350 and 720 ppb. The last interglacial (around

130,000 years BP), when the temperature in Antarctica

may have been as much as 5◦C higher than in the pre-

industrial period is of particular interest. This warm

Antarctic period coincided with the end of northern hemi-

sphere deglaciation and preceded warmer than present

Arctic conditions (2–5◦C warmer than present day). The

documentation of at least 6.6 m higher than present sea

level, and a 67% probability that it exceeded 8.0 m during

this time period (Kopp and others 2009) points to signi-

ficant loss of Greenland and Antarctic ice. While climate

models are able to capture the patterns of the orbital-

driven warming of the Arctic, they cannot represent the

Antarctic warming during this interval unless they incor-

porate Greenland melt and possibly partial loss of the

WAIS.

10. Antarctic ice cores reveal regional differences in

the patterns of Antarctic millennial variability, especially

between the Atlantic and Indo-Pacific sectors. Pre-

cise synchronisation of Greenland and Antarctic records

shows that each abrupt climate event of the northern

hemisphere has an Antarctic counterpart. However,

warming in Antarctica precedes warming in Greenland,

and Antarctic cooling precedes Greenland cooling, sug-

gesting a bipolar seesaw pattern consistent with the

theoretical consequences of reorganisations in the At-

lantic Meridional Overturning Circulation (AMOC). Un-

der this scenario, changes in the northward heat flux

along the length of the Atlantic have impacts such that

the Southern Hemisphere warms while the North At-

lantic is cold, and cools when the North Atlantic is

warm.

11. Diatom data from sediment cores show that at

the Last Glacial Maximum (LGM), about 21,000 years

BP, Antarctic sea ice was double its current extent in

winter and also increased in extent in summer in at least

some ocean sectors. In the Scotia Sea there is evidence

that winter sea ice reached its maximum extent between

24,100 and 23,500 years BP, and summer sea ice between

30,800 and 23,500 years BP. This predates the LGM

(Collins and others in press), and supports some models

that show retreat of this ice before the LGM as a potential

trigger for global deglaciation (Allen and others 2011).

Related sea surface temperature calculations show that

both the Polar Front and the sub-Antarctic Front shifted

to the north during the LGM by between 2◦ and 10◦ in

latitude from their present locations.

12. The Southern Ocean is almost certainly the

main locus of changes that led to the large increase in

atmospheric CO2 concentration between the LGM and

the Holocene (Shakun and Carlson 2010). The cause

is likely to have been a combination of changes in

the strength of physical and biogeochemical processes.

One recent study (Tschumi and others 2011) shows

that Southern Ocean deep waters were stratified and

depleted in radiocarbon during the last glacial period

and through the early deglaciation up to ∼14.6 ka BP.

Afterwards deep ocean carbon was transferred to the

surface and atmosphere via a Southern Ocean ventila-

tion event consistent with the re-starting of the Meridi-

onal Overturning Circulation (MOC). This partially ex-

plains the elevation of atmospheric CO2 values between

glacial and interglacial periods (Burke and Robinson

2012).

13. The expansion and contraction of Antarctica’s ice

sheets undoubtedly led to the local extinction of some

biological communities on the Antarctic continent during

glacial periods. The resulting present-day biodiversity

consists of species that either survived the glacial maxima

in refugia, then recolonised deglaciated areas, or arrived

through inter- and post-glacial dispersal from lower latit-

ude lands that remained ice free, or are present through

a combination of both mechanisms (McGaughran and

others 2010).

14. Continuous evolutionary development during

glacial times in refugia, in combination with low ex-

tinction rates, is assumed to be a major driving force

explaining the relatively high biodiversity of benthic

(bottom-dwelling) marine organisms. Expansions and

contractions of the sea ice had an impact on mammal and

seabird distributions and general ecosystem functioning.

These various expansions and contractions continued into

the Holocene.
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The Holocene

15. The transition from the LGM to the present inter-

glacial period (the Holocene, beginning around 12,000

years BP) was the last major global climate change event.

Ice core and geological evidence from land in Antarc-

tica shows a marked warming period in the Holocene,

between 11,500–9,000 years BP; this is a period of max-

imum insolation for the Antarctic determined from astro-

nomical calculations. Some marine records show evid-

ence of a marine optimum between about 7,000–3,000

years BP, and many terrestrial records show evidence of

an optimum between 4,000–2,000 years BP. These warm

periods were likely to have raised temperatures by no

more than around 0.5–1◦C.

16. The ice core record indicates changes in at-

mospheric circulation in the Antarctic. They suggest

strengthening of the Southern Hemisphere westerlies at

6,000 years BP followed by abrupt weakening at 5,400–

5,200 years BP. They also suggest intensification of the

westerlies and the Amundsen Sea Low pressure cell at

around 1,200 years BP (Mayewski and others 2009).

17. There is no evidence in Antarctica for a precise

equivalent to the northern hemisphere Medieval Warm

Period (MWP), but some periods of the last 1000 years

were likely to have been as warm or even warmer than

the late 20th century (Goosse and others 2012). There is

also some evidence for a cool event equivalent in time to

the northern hemisphere’s Little Ice Age (LIA) in some of

the ice core data (Bertler and others 2011). Some ice core

records suggest that the LIA is the most prominent event

of the last ∼5,000 years in Antarctica (Mayewski and

others 2004). Terrestrial and marine geological records

generally do not show convincing evidence of either an

MWP or an LIA occurring at the same time as in the

northern hemisphere and no MWP or LIA is evident in

the James Ross Island ice core (Mulvaney and others

2013)

18. Associations between changes in solar energy

output and climate have been debated for many years.

Satellite observations have demonstrated that the asso-

ciation is not a consequence of simple heating of the

upper atmosphere. However, associations have been

demonstrated between changes in solar energy output,

at least for solar cycle duration, and in ozone con-

centration in the lower stratosphere. Ice core records

suggest a link between solar energy output changes and

changes in atmospheric circulation through changes in

ozone concentration. It is intriguing to consider that

stratospheric ozone has played an important role in both

naturally varying changes in atmospheric circulation and

the recent more dramatic shifts in atmospheric circulation

associated with the anthropogenic Antarctic ozone hole

(Mayewski and others 2006).

19. The main biological changes occurring during

the Holocene involved the recolonisation of habitats

as the ice sheet retreated, both by species that had

survived the glaciations in refugia on the continent and

continental shelf and by others originating from lower lat-

itude landmasses. Species assemblages and distributions

have also responded to periods of positive and negative

temperature changes in the Holocene, in particular, those

species with narrow ecological ranges or sensitivity to

physical factors such as the changing extent of sea ice

(penguins and seals). These responses provide insight for

predicting changes under future warming scenarios.

Changes during the instrumental period

20. The instrumental period is considered to have begun

in the Antarctic with the International Geophysical Year

of 1957–1958. Here we discuss key changes in the

atmosphere, ice and ocean systems, and the biosphere

since that time.

The large scale circulation of the atmosphere

21. The major mode of variability in the atmospheric

circulation of the high southern latitudes is the Southern

Hemisphere Annular Mode (SAM). This is a circumpolar

pattern of atmospheric mass displacement in which the

intensity and location of the gradient of air pressure

between mid-latitudes (higher pressure) and the Antarctic

coast (lower pressure) changes in a non-periodic way

over a wide range of time scales from days to years.

Over the past 50 years the SAM became more positive

(stronger circumpolar westerly winds) in the austral sum-

mer and autumn, as pressure dropped around the coast of

the Antarctic and increased at mid-latitudes (Thompson

and others 2011 and references therein). Since the

late 1970s the strength of the westerly winds over the

Southern Ocean has increased by 15–20% (Korhonen

and others 2010; Turner and Marshall 2011) and has

resulted in a poleward migration of the westerlies by

1–2◦ of latitude. The change in the SAM has led

to a decrease in the annual and seasonal numbers of

cyclones south of 40◦S. There are now fewer but more

intense cyclones in the Antarctic coastal zone between 60

and 70◦S, except in the Amundsen-Bellingshausen Sea

region (Simmonds and others 2003). The combination of

the stronger westerly winds around the continent, with

the off-pole displacement of Antarctica, has led to a

deepening of the Amundsen Sea Low, with consequent

effects on temperature and sea ice in the coastal region

of West Antarctica. These increased wind speeds and

the decreasing ozone concentration have been linked

with decreased growth rates of plants (Clarke and others

2012) and biodiversity changes in lakes (Hodgson and

others 2006) in East Antarctica. From ice core records

it appears that intensification of the westerlies and the

Amundsen Sea Low started as early as the late 1800s,

but in recent decades the intensification associated with

ozone depletion is more pronounced (Dixon and others

2012).

22. The observed trend in the SAM has been largest

during the austral summer. It is believed to be driven

primarily by the development of the Antarctic ozone

hole (Thompson and others 2011 and references therein).

Evidence that increased greenhouse gases have played
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a role is conflicting (Treguier and others 2010). The

ozone hole forms in the austral spring; at that time of

year the loss of stratospheric ozone cools the Antarc-

tic stratosphere, so increasing the strength of the polar

vortex. This is a large high altitude cyclonic circula-

tion that forms in winter in the stratosphere above the

Southern Ocean around Antarctica. These anomalies

precede similarly signed anomalies in the tropospheric

circulation during summer, that is a strengthening of the

southern hemisphere circumpolar winds from the lower

stratosphere to the surface due to the ozone hole. The

variability of the SAM and the influence of a range of

forcing factors has been examined by Fogt and others

(2009).

23. In recent decades there have been more frequent

and more intense El Niño events. During some of

them a signal of the El Niño cycle can be seen in the

Antarctic. Ice core records may preserve evidence of El

Niño-Southern Oscillation (ENSO) signals as far south

as the South Pole (Meyerson and others 2002). There

is no evidence that this trend has affected long term

climate trends in the Antarctic. In addition, atmospheric

circulation and temperature reconstructed from ice cores

show large inter-annual to decadal variability, with the

dominant pattern being anti-phase anomalies between the

continent and both West Antarctica and the Antarctic

Peninsula, which is associated with the SAM during

the recent period of observations. There is decadal

variability of the ENSO teleconnection to the Antarctic

and interactions with the SAM (Fogt and Bromwich

2006).

Atmospheric temperatures

24. Surface temperature trends show significant warming

across the Antarctic Peninsula and to a lesser extent the

rest of West Antarctica since the early 1950s, with little

change across the rest of the continent (Turner and others

2005). The largest warming trends have been on the

western and northern parts of the Antarctic Peninsula.

There Faraday/Vernadsky Station, at 65.4◦ S on the west-

ern peninsula, has experienced the largest statistically

significant (<5% level) trend of +0.54◦ C per decade for

the period 1951–2011; the warming has taken the form

of a reduction in the number of extreme cold winters

at the peninsula (Turner and others 2012). The longest

temperature record at high southern latitudes is from

Orcadas on Laurie Island, South Orkney Islands, and it

shows a warming of +0.21◦C per decade since 1904. The

western peninsula warming has been largest during the

winter, with temperatures at Faraday/Vernadsky during

that season increasing by +1.01◦C per decade from 1950–

2011. There is a high correlation during the winter

between sea ice extent a few hundred kilometers from

the station and surface temperatures (Turner and others

2012), suggesting more sea ice during the 1950s–1960s

and a reduction since then. Over 2000–2011 there was

a slight drop in the annual mean temperature at stations

on the Antarctic Peninsula north of Faraday/Vernadsky

(Blunden and Arndt 2012). Analysis of an ocean sed-

iment core that spanned the late Holocene suggested

that atmospheric forcing through an increasing frequency

of El Niño events and greater solar insolation played a

greater part in modulating peninsula temperatures com-

pared to ocean forcing (Pike and others 2013).

25. Temperatures on the eastern side of the Antarctic

Peninsula have risen most during the summer and autumn

(at +0.39◦ C per decade from1946–2011 at Esperanza),

linked to the strengthening of the westerlies that took

place as the SAM shifted into its positive phase, primarily

as a result of the ozone hole (Thompson and others 2011

and references therein). Stronger westerly winds now

bring warm, maritime air masses across the Peninsula

to the low-lying ice shelves on the eastern side with the

Foehn effect adding to the warming of the air masses

coming over the peninsula (Marshall and others 2006).

26. There are no staffed stations on the West Antarctic

ice shelf with long, continuous meteorological records.

However, a number of recent studies based on satellite

observations, automated weather station (AWS) meas-

urements, reanalysis fields and the available station data

have suggested that the area has experienced a warming

over the last few decades. Steig and others (2009) used

satellite and AWS data to estimate a warming of 0.1◦C

per decade since the late 1950s, especially in winter

and spring, although the study of O’Donnell and others

(2011) put the warming at slightly less than this. The

incomplete record from Byrd station has recently had

the data gaps filled through the use of reanalysis fields

and interpolation, with the resulting temperature time

series suggesting that the location has warmed by 2.4 ±

1.2◦C over 1958–2010 (Bromwich and others 2013).

This would establish the region as one of the most rapidly

warming areas on Earth. Ice core data from the Siple

Dome suggest that this warming began around 1800.

Recent warming across continental West Antarctica has

been linked to sea surface temperature changes in the

tropical Pacific, especially during the spring (Schneider

and others 2012). Over the past 30 years, anomalous sea

surface temperatures in the central tropical Pacific have

generated an atmospheric Rossby wave response that

influences atmospheric circulation over the Amundsen

Sea, causing increased advection of warm air to the Ant-

arctic continent. General circulation model experiments

also link the central tropical Pacific with the observed

high latitude response. By affecting the atmospheric

circulation at high southern latitudes, increasing tropical

sea surface temperatures may account for West Antarctic

warming through most of the 20th century (Ding and

others 2011).

27. On the plateau, Amundsen-Scott Station at the

South Pole shows a statistically significant cooling in re-

cent decades, interpreted as due to fewer warm maritime

air masses penetrating into the interior of the continent.

This could also be a manifestation of the low-pressure

anomaly that now propagates downward from the ozone

hole.
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28. Temperatures reconstructed from ice cores show

large inter-annual to decadal variability, with one re-

construction suggesting that Antarctic temperatures in-

creased on average by about 0.2◦C since the late 19th

century (Schneider and others 2006). Three ice borehole

temperature time series from the peninsula, West Antarc-

tica and East Antarctica all show a significant warming in

recent decades. The East Antarctic data (Muto and others

2011) covered the last 20–50 years on the Dronning

Maud Land divide, a region without any other long-term

records. Warming of 0.1–0.2◦ C/decade was indicated

by both Monte Carlo and inverse methods. The results

from the peninsula (Zagorodnov et and others 2012)

match well with other ice core chemistry and borehole

records from the region, showing a low in mean annual

temperature around 1930 then increasing at ∼0.33◦ C/

decade until about 1995, and then a slight flattening or

cooling of ∼0.5◦ C in the most recent decade. The West

Antarctica data (Orsi and others 2012) show that cool

conditions prevailed on the WAIS during the Little Ice

age period, and that warming began around 1800 and

continued through the past 100 years. A sharp increase

in the rate of warming in the past 20 years, to ∼0.7◦

C/decade, is indicated by the data.

29. Antarctic radiosonde temperature profiles show

that the atmosphere has warmed at the mid-tropospheric

level and that the stratosphere above it has cooled over

the last 50 years (Screen and Simmonds 2012). This

pattern would be expected from increasing greenhouse

gases. Over the last 50 years the tropospheric warming

in winter has been the largest on Earth at 500 hPa (Turner

and others 2006). It may, in part, be a result of the

insulating effect of greater amounts of polar stratospheric

clouds during the winter (Lachlan-Cope and others

2009).

30. Over Antarctica, there has been long-term

stratospheric cooling of annual mean temperatures of

∼0.5◦C per decade (between 1979 and 2007) and there

are tentative indications of ∼1◦C per decade cooling in

the mesosphere (∼87 km). Various data series show a

mean solar cycle variation (solar maximum minus solar

minimum) in temperature in the stratosphere of between

0.1◦C and 1◦C, and in the mesosphere at ∼87 km of

typically between 3◦C and 6◦C. There is growing evid-

ence (Seppälä and others 2009) that solar variability has

some influence on Antarctic regional climate, though the

chain of causality has yet to be established and the effects

fully quantified. To extract the signal with a high level

of confidence, long well-populated datasets are required

throughout the atmosphere and these have been limited

in Antarctica due to the sparse instrumentation and short-

ness of the records. Solar UV variability brings about

changes in stratospheric temperature and ozone, which,

through subsequent changes in planetary wave motion

and the SAM, can alter stratosphere-troposphere coup-

ling, and hence tropospheric wind variability. Antarctica

is unique in that, because of the dynamic stability of

the southern polar vortex, solar wind variability strongly

influences the amount of NOx entering the stratosphere

from above.

31. Antarctic observations of hydroxyl airglow in the

mesopause region (87 km altitude) show annual average

cooling trends of 1–2◦C per decade (over the last 2

decades) with a strong seasonal variation (French and

Klekociuk 2011). Maximum cooling rates of around 4◦C

per decade occur in August-September at the time of the

ozone depletion, with little or no trend over the winter

months. These long-term trends are superimposed on a

solar cycle response of 4–5◦C per 100 solar flux units.

This response appears to be stronger over the Antarctic

than at low latitudes or in the northern hemisphere (Beig

and others 2008).

32. An updated set of time series of derived aerosol

optical depth (AOD) from a number of Antarctic stations

has been analysed to determine the long-term variations.

The Antarctic data-set comprises sun-photometer meas-

urements made at Mirny (1982–2009), Neumayer (1991–

2004), Terra Nova Bay (1987–2005), and at South Pole

(1977–2010). The long-term variation in Antarctic AOD

was estimated to be stable, within ±0.10% per year, at

the three coastal sites. At South Pole there has been

a small decrease, possibly due to the formation of thin

stratospheric layers of ageing volcanic particles (Tomasi

and others 2012).

Snowfall

33. On average, about 7 mm global sea level equival-

ent (∼2,500 Gt ice equivalent mass) falls as snow on

Antarctica each year, but there has been no statistically

significant change since 1957 (Monaghan and others

2006). Snowfall trends vary from region to region, with

the greatest accumulation in the Antarctic Peninsula and

coastal West Antarctica, adjacent to the Amundsen Sea

Low, which advects warm, moist air from lower latit-

udes. Integrated over the entire ice sheet, snowfall shows

modest interannual variability (standard deviation of 114

Gt per yr), yet a pronounced seasonal cycle (standard

deviation of about 30 Gt per month). Snowfall has in-

creased on the western side of the peninsula, where it has

been linked to decreases in Adélie penguin populations,

which prefer snow-free nesting habitat and nest earlier

than gentoo or chinstrap penguins when there is now an

increased likelihood of snow burying nests. There is little

evidence of broad regional increases in East Antarctic

accumulation.

34. Recent research has highlighted the interaction

between the wind field and snowfall, and the presence

of large ‘hiatus’ areas in East Antarctica (Arcone and

others in press). Such areas combine to cover up to 10%

of the plateau surface above 1500 m, and result in a net

reduction of the estimate of true current accumulation of

East Antarctica (from models or from interpolated obser-

vations) of 40–80 Gt. This has significant implications

for mass balance studies.

35. The time-series of temperature and snow accumu-

lation rates reconstructed from the data from eight snow
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pits and four shallow cores drilled near Vostok Station

show that the regional climate is dominated by the quasi-

periodic oscillations of these parameters with a period of

40–50 years. Average accumulation rate varied from 1.2

to 3.0 g/cm2 with an average of 2.01 g/cm2. Temperature

varied from −56.5◦C to −54.0◦C. The cyclical character

of the changes in the region during the last three cen-

turies is confirmed by the temperature data in the upper

100 m of ice as well as by instrumental measurements

of air temperature for the recent decades (Ekaykin and

others 2011). The zonal and meridional components of

the circulation to a large extent dictate the temperature

and precipitation anomalies. In the early 1970s the sign

of the relationship between many climatic parameters

changed, which is probably related to the rearrangement

of the climate system of the southern hemisphere. The

data suggest that during the past 350 years such events

have happened at least five times. (Kozachek and others

2011).

The Antarctic ozone hole

36. Stratospheric ozone amounts began to decline in

the 1970s, following widespread releases of chlorofluoro-

carbons (CFCs) and halons into the atmosphere that

destroyed virtually all ozone between heights of 14 and

22 km over Antarctica each spring and early summer.

Owing to the success of the Montreal Protocol, the

amounts of ozone-depleting substances in the strato-

sphere are now decreasing by about 1% per year. As a

result the size and depth of the ozone hole have stabilised,

but are not yet decreasing. The interannual variability

of the ozone hole remains largely controlled by meteor-

ological factors in the stratosphere. Model calculations

suggest that the decline in Antarctic ozone is linked to

marked changes in surface climate. See Thompson and

others 2011 and references therein for details).

Terrestrial biology

37. A meta-analysis of the response of polar plants

to UV-B radiation under field conditions confirms that

elevated UV-B exposure leads to increasing concentra-

tions of UV-B protective compounds in photosynthetic

tissues, reduced above-ground biomass and plant height

and increased DNA damage. The sensitivity of plant

growth to ozone-induced variations in UV-B radiation

indicates an approximate 1% reduction in growth for each

3% increase in weighted UV-B irradiance (Newsham

and Robinson 2009). Based on this analysis, Ballare

and others (2011) estimated that, for areas subject to

substantial ozone depletion, for example the southern tip

of South America (at 55◦S) where ozone depletion has

led to a 20% increase in the summertime levels of UV-B

radiation, the resulting decrease in plant growth rate over

the past three decades would be about 6%.

38. The clearest example of Antarctic terrestrial

organisms responding to climate change is given by the

two native flowering plants (Deschampsia antarctica and

Colobanthus quitensis) in the maritime Antarctic, which

have increased in abundance at some sites. Warm-

ing encourages the growth and spreading of established

plants, increased seed set and increased establishment

of seedlings. Changes in temperature and precipitation

have also increased biological production in lakes and

altered species assemblages, mainly due to decreases in

the duration and extent of lake ice cover. Some lakes

have become more saline due to drier conditions. Shorter

term (decadal) decreasing temperature in the Dry Valleys

reduced primary production in lakes and the number of

soil invertebrates (Doran and others 2002). These ecosys-

tems might be especially sensitive to climate change and

respond differently at different temporal scales (Nielsen

and others 2011). As noted earlier in point 21, ozone

depletion and increasing wind speeds have also impacted

the terrestrial biota.

The terrestrial and marine cryosphere

39. Ice shelves along the Antarctic Peninsula have

changed rapidly in recent decades, with episodes of

retreat, breakup and collapse occurring on both side of

it. The overall reduction in total ice shelf area during

the last five decades has been estimated to be over

28,000 km2 (Cook and Vaughan 2010). Loss of ice on the

eastern side results predominantly from warm air being

brought over the peninsula by the stronger westerlies

forced by changes in the SAM and, ultimately, driven by

the development of the ozone hole. Ice shelf thinning has

been attributed both to surface and sub-surface melting

(Scambos and others 2000; Pritchard and others 2012). In

the northern Antarctic Peninsula surface warming began

approximately 600 years ago (Sterken and others 2012),

so the ice shelves were preconditioned for collapse as

the rate of warming intensified during the last 100 years

(Mulvaney and others 2012). Ice-shelf collapse is thought

to result from hydro-fracture of water-filled crevasses

combined with changes in firn density and ice thickness

as a result of local changes in surface mass balance and

rates of basal melt. Retreat of ice shelves in the Antarctic

during the instrumental period appears to be synchronous

with those in the Arctic (Hodgson 2011). Removal of ice

shelves has led to speed-up of upstream glacier flow from

inland due to reduction in buttressing forces.

40. Some formerly snow- and ice-covered sub-

Antarctic islands are now increasingly snow-free during

the summer. Brown Glacier on Heard Island lost 29%

of its surface area between 1947 and 2004, causing the

formation of several lagoons. On South Georgia, 97%

percent of 103 coastal glaciers surveyed from the 1950s

to the present have retreated and the average rate of

retreat has increased from 8 m year−1 in the 1950s to

35 m year−1 at present (Cook and others 2010). Further

south in the South Shetland Islands, the ice-covered area

of King George Island decreased by 1.6% during 2000–

2008 (Ruckamp and others 2011), a rate of loss similar to

that of the period 1956–1995, when the ice-covered area

decreased by 7%.

41. Of the 244 marine-terminating glaciers that drain

the northern sector of the Antarctic Peninsula ice cap, 212
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(87%) showed overall retreat since 1953. The remaining

32 glaciers (13%) have shown small advances. Studies

analysing both marine-terminating and land-terminating

glaciers in the region also show an overall trend of

retreating ice fronts. There is a range of variations

throughout the study area including stationary ice fronts

on the northwestern coast of the peninsula (Rau and

others 2004). The rates of recession, however, seem

to be declining. In a study of 194 glaciers on Trinity

Peninsula, Vega Island and James Ross Island, Davies

and others (2012) show that, over 1988–2001, 90% of

glaciers receded, while for 2001–2009, 79% receded.

Glaciers on the western side of Trinity Peninsula retreated

relatively little. The total glaciated area in the northern

Antarctic Peninsula declined by 11.1% during 1988–

2001 and by 3.3% during 2001–2009. The tidewater

glaciers on the Eastern Trinity Peninsula, and the land-

terminating glaciers on James Ross Island also retreated

fastest in the period 1988–2001. Only the large tidewater

glaciers on James Ross Island are declining in areal extent

at faster rates after 2001. A recent study of the mass

balance of the different sectors of the Antarctic based

on the various forms of satellite data (Shepherd and

others 2012) found that over 1992–2011 the mass of the

Peninsula changed by −20 ± 14 Gt year−1.

42. The Amundsen Sea sector of West Antarctica

is the most rapidly changing region of the Antarctic ice

sheet (Jenkins and others 2010). The grounding line at

Pine Island has retreated and the Pine Island glacier is

now moving at speeds 60% higher than in the 1970s.

The Thwaites Glacier and four other glaciers in this

sector show accelerated thinning. Smith Glacier has

increased flow speed 83% since 1992. Pine Island and

adjacent glacier systems are currently more than 40% out

of balance, discharging 280 ± 9 Gt of ice per year, while

they receive only 177 ± 25 Gt per year of new snowfall.

For the WAIS as a whole the Shepherd and others (2012)

study found that over 1992–2011 the mass of the ice sheet

changed by −65 ± 26 Gt year−1.

43. The current changes in the Amundsen Sea em-

bayment region could represent a continuing response

to historical forcing, a more direct result of increased

delivery of warm Circumpolar Deep Water (CDW)

(Jacobs and others 2011) to the sub-ice-shelf cavities over

recent decades, or, most likely, a combination of the two.

Although changes in atmospheric circulation appear to be

responsible for driving more CDW onto the continental

shelf, there is no unambiguous link yet established with

the more positive SAM index. The Amundsen Sea Low

has been implicated as a causal factor in controlling the

flux of CDW (Thoma and others 2008), and changes

in central tropical Pacific sea surface temperatures may

be more important in triggering the critical responses

in the Amundsen Sea circulation (Steig and others

2012).

44. Changes are less dramatic across most of the East

Antarctic ice sheet, with the most significant changes

close to the coast. The ice sheet shows interior thickening

at modest rates and a mixture of moderate thickening

and thinning among the fringing ice shelves (Pritchard

and others 2012). Melt trends from passive microwave

data show less melt in coastal regions in recent years

(2008, 2009). These anomalies are linked to trends in

the summer SAM, which have suppressed warming over

much of Antarctica during the satellite era. The Shepherd

and others (2012) study found that for 1992–2011 the

mass of the East Antarctic ice sheet changed by +14 ±

43 Gt year−1.

45. The Antarctic ice sheet provides a remarkable

record of background levels of gases and pollutants. Pol-

lutants in the Antarctic have been shown to be transported

large distances. For example, black carbon measured in

Antarctic ice cores comes from southern hemisphere bio-

mass burning (Wang and others 2010). Lake sediments

also provide a temporal record of contamination from

high temperature fossil-fuel combustion sources (Rose

and others 2012).

Sea level changes

46. Data from tide gauges and satellite altimeters suggest

that in the 1990s–2000s global sea level rose at a rate of

3.3 mm per year (Woodworth and others 2011), which is

higher than predicted from earlier IPCC projections. The

recent study of Shepherd and others (2012), discussed

above, reconciled the various satellite-derived estimates

of changes in the mass of the Antarctic ice sheet and also

estimated the contribution to sea level rise. They found

that over the period 1992–2011 the Antarctic Peninsula,

West Antarctica and East Antarctica have respectively

contributed +0.05 ± 0.04, +0.18 ± 0.07 and −0.04 ±

0.12 mm per year to global sea level rise. Combined

this gives a contribution from the whole Antarctic ice

sheet of +0.20 ± 0.15 mm per year, which compares

to +0.39 ± 0.14 mm per year from the Greenland ice

sheet.

The Southern Ocean

47. In surface waters, change is difficult to detect because

an intensive seasonal cycle can induce large errors when

there are only a few samples. However, around South

Georgia observations exist since 1925 that are frequent

enough to resolve the annual cycle, and these reveal a

warming averaging 2.3◦C over 81 years in the upper

150 m (Whitehouse and others 2008). This is about twice

as strong in winter as in summer, and is thought to be

caused by a combination of the particular location of the

island with respect to the footprint of the intensifying

SAM over the Southern Ocean, and advection of warmed

waters from upstream in the Southern Ocean circulation.

There is also a strong warming of the upper ocean west

of the Antarctic Peninsula, where temperatures have risen

by nearly 1.5◦C since the 1950s, accompanied by a

marked summertime salinification caused by changes in

the rate of sea ice production (Meredith and King 2005).

In coastal areas like Potter Cove (King George Island,

South Shetlands), a circa 20 year data series showed

sea surface temperatures increased during summers by
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0.36◦C per decade (Schloss and others 2012). A sig-

nificant portion of the ocean warming at the western

Antarctic Peninsula is believed to be caused by near-

surface ocean-atmosphere-ice interactions (Meredith and

King 2005). In addition there has been a marked increase

in the supply of warm CDW from the ACC onto the shelf

in recent decades, providing heat and nutrients to increase

retreat of the cryosphere and fuel biological production

(for example Martinson and others 2008).

48. The waters of the ACC have warmed more

rapidly than the global ocean as a whole, increasing by

0.06◦C per decade at depths between 300–1000 m over

the 1960s to 2000s, and by 0.09◦C per decade since the

1980s. The warming is more intense on the southern

side of the ACC than north of it. A maximum increase

of 0.17◦C per decade was found in Upper Circumpolar

Deep Water at depths of 150–500 m on the poleward side

of the Polar Front (Gille 2002; Böning and others 2008).

These changes are possibly consistent with a southward

shift of the ACC in response to a southward shift of the

westerly winds driven by enhanced greenhouse forcing

and the loss of stratospheric ozone, however such a shift

is hard to prove definitively, and previous assertions may

have misinterpreted the satellite information on which

they were based (Graham and others 2012 and references

therein). Other causes for these changes have been

proposed. North of the ACC a significant freshening

of 0.01 salinity units per decade is observed since the

1980s (Böning and others 2008). There is no evidence

for an increase in ACC transport, despite the strength-

ening SAM (Meredith and others 2011). Instead, recent

studies suggest that an increase in wind forcing causes

an increase in the intensity of Southern Ocean eddies

rather than a sustained acceleration of the zonal transport.

This then acts to increase the southward transport of heat

in the Southern Ocean and hence may be a causal factor in

the observed warming (Hogg and others 2008; Meredith

and Hogg 2006).

49. Changes are evident in the character of the dense

water (the Antarctic Bottom Water, AABW) formed

around Antarctica and exported to lower latitudes. Glob-

ally there has been a contraction of AABW relative

to a given temperature or density surface though the

degree to which this is indicative of warming versus

a reduction in production rate is still being investig-

ated (for example Purkey and Johnson 2012). AABW

warming has been strongest in the South Atlantic sec-

tor, but is significant at all longitudes (Purkey and

Johnson 2010). In addition, marked freshenings of

AABW have been observed in the Ross Sea and In-

dian/Pacific sectors of the Southern Ocean (Jacobs and

others 2002; Rintoul 2007). Recent indications are

that the AABW exported from the Weddell Sea is also

freshening decadally, due most likely to loss of the Larsen

ice shelves and accelerated glacier flow, and consistent

with the reported freshening of shelf waters on the eastern

side of the Antarctic Peninsula (Hellmer and others

2011).

Biogeochemistry

50. The Southern Ocean ventilates the global oceans and

regulates the climate system by taking up and storing

heat, freshwater, O2 and atmospheric CO2. Between 1991

and 2007 the concentration of CO2 in the ocean increased

south of 20◦S in the southern Indian Ocean. At latitudes

poleward of 40◦S, CO2 in the ocean increased faster

than it did in the atmosphere, suggesting that the ocean

became less effective as a sink for atmospheric CO2. The

stronger westerly winds lead to surface oceanic water

being enriched with ‘natural’ CO2 from upwelling deep

waters (Le Quéré and others 2007). This saturates the

carbon reservoir of the surface water limiting its ability

to absorb carbon dioxide from the atmosphere. These

changes are linked to the increase in wind strength driven

by the more positive SAM. Ocean eddies will partially

compensate for the increase in wind-driven overturning,

however, a net increase in upwelling of a size important

for the drawdown of anthropogenic carbon still results

(Meredith and others 2012). An increase in the ocean’s

CO2 content releases H+ ions and so makes the ocean

more acidic. In addition to CO2 changes, the Southern

Ocean’s O2 content has also changed, showing some

of the most significant decreases of any region of the

global ocean (Helm and others 2011). This is believed

to be caused primarily by a reduction in water mass

formation rates caused by increasing stratification as a

result of surface ocean warming. Regional changes

in biogeochemistry are also becoming apparent in the

Southern Ocean. Particularly significant is the observa-

tion of changed phytoplankton communities in response

to ocean climate change at the WAP (Montes-Hugo

and others 2009). These authors used three decades

of satellite and field data to demonstrate a significant

decline in summertime surface Chlorophyll-a, with the

largest decreases equatorward of 63◦S and with partially-

compensating increases occurring farther south. The lat-

itudinal variation in Chlorophyll-a trends reflects shifting

patterns of ice cover, cloud formation, and windiness

affecting water-column mixing.

Sea ice

51. For the first half of the 20th century, ship observations

suggest that the extent of sea ice around the Antarctic

was greater than seen in recent decades, although the

validity of such observations has been questioned. The

sea ice extent data derived from satellite measurements

from 1979–2010 show a positive trend of the annual mean

Antarctic ice extent of 1.3% per decade (significant at

<1% level). The trends in ice concentration have been

linked to trends in ice motion, with wind-driven changes

in ice advection being the dominant factor in driving

the Antarctic sea ice extent increase (Holland and Kwok

2012). The extent of Antarctic sea ice reached a new

record maximum for the satellite era in 2012. The trend

has been positive in all sectors except the Bellingshausen

Sea, where sea ice extent has been significantly reduced.

The greatest increase, at around 4.5% per decade, has
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been in the Ross Sea. The Bellingshausen and Ross

Seas have experienced increases and decreases respect-

ively in the length of the sea ice season (Stammerjohn

and others 2008). The reduction of ice extent in the

Bellingshausen Sea and its increase in the Ross Sea have

been influenced by a deepening of the Amundsen Sea

Low. In addition, Comiso and others (2011) linked the

variability in ice extent in the Ross Sea to changes in

the SAM and secondarily to the Antarctic Circumpolar

Wave. Warm winds brought south by the Amundsen

Sea Low impede the advance of the sea ice to the west

of the peninsula, while cold, southerly flow west of the

low over the Ross Ice Shelf enhances ice production over

the Ross Sea. The reasons for the overall increase in

Antarctic sea ice extent over the last 30 years are still

under debate. Turner and others (2009b) suggested that

the loss of stratospheric ozone during the spring had

played a significant role in the ice increase by increasing

the strength of the Amundsen Sea Low and its associated

surface winds. However, the modelling work of Sigmond

and Fyfe (2010) suggested that the loss of ozone would

result in a decrease of sea ice extent. Zhang (2007) and

Liu and Curry (2010) suggested that ocean change and

an intensification of the freshwater cycle, thus freshening

the waters of the Ross Sea, had played a part in increasing

the sea ice cover.

52. Analysis of an Antarctic Peninsula ice core

suggested that sea ice decline in the Bellingshausen Sea

is part of a trend that has occurred throughout the 20th

century. It may reflect a progressive deepening of the

Amundsen Sea Low due to increasing greenhouse gas

concentrations and, more recently, stratospheric ozone

depletion. This longer term perspective contrasts with

the small increase in Antarctic sea ice that is observed

in post-1979 satellite data (Abram and others 2010).

Marine biology

53. The Southern Ocean ecosystem was significantly

disturbed by whaling during the early part of the 20th

century, by sealing before that and by fishing since the

mid-1900s. About 300,000 blue whales were killed,

equivalent to more than 30 million tonnes of biomass.

Stocks of humpback, fin, sei, and minke whales were

similarly driven to near extinction (Simmons and Eliott

2009). The krill stock was expected to increase due

to this reduction in grazing pressure, but it did not,

possibly because it has been reduced by the reduction

in sea ice in the Bellingshausen Sea. While predation

by seals and birds increased, the total bird and seal

biomass remains only a fraction of that of the former

whale population. Humpback whales seem to be rapidly

recovering (Ainley and others 2010), whilst populations

of other species remain low. Benthic communities and

fish are expected to slowly recover from bottom fishing

impacts, although evidence supporting this is not yet

forthcoming. In case of further warming, commercially

exploitable fishes, such as the southern blue whiting,

could extend their distribution range into the Antarctic

(Agnew and others 2003). A single record of a juvenile

spider crab (Hyas araneus) provides the only evidence

of an assisted transfer, possibly by ballast water to the

Antarctic. For further examples of similar processes see

Aronson and others (2011).

54. The marine ecosystem of the Western Antarctic

Peninsula (WAP) has been impacted over distances of

1000–200 km (McClintock and others 2008) by a sig-

nificant reduction in the sea ice habitat by 85 days per

year, and by secondary effects on the food web, or by a

combination of both. These changes include:

reduction of primary production in the ice;

increases and decreases of primary production in the

water column;

a shift in phytoplankton from diatoms to smaller

species (Schloss and others 2012);

increases of lantern-fish and salp biomass;

an overall decrease of krill due to recruitment failures;

local increases of krill and humpback whales

(Nowacek and others 2011);

a decrease in Antarctic silver fish, a keystone species;

shifts in the ranges of Adélie, gentoo, and chinstrap

penguin populations to the south (Stokstad, 2007),

with a net reduction in the numbers of Adélies and

gentoos (Trivelpiece and others 2011);

shifts in the range of southern elephant seal pop-

ulations to the south (Costa and others 2010), and

decreases in the north of their range (McIntyre and

others 2011);

increased mortality in benthic organisms due to ice

scouring (Barnes and Souster 2011);

recent identification of large densities of king crabs in

the Palmer Deep (a deep basin within the Antarctic

Peninsula continental shelf) and elsewhere.

It is suggested that this indicates migration up-slope from

the deep Southern Ocean benthos as the continental slope

waters have warmed (Smith and others 2012), although

no earlier survey or other data exist against which to

test this hypothesis. Given that Antarctic shelf faunas

are not adapted to depradation by crabs, changes in

benthic community structure might result if these animals

eventually colonise the continental shelf. However, it

should be noted that such crabs are present on the slightly

warmer shelves of island groups further north but still

south of the ACC, such as South Georgia, where they

apparently co-exist within diverse benthic communities

that have very large compositional overlap with those of

the Antarctic Peninsula in particular

55. Beyond the WAP there have been other changes

to the marine ecosystem:

phytoplankton increased around the entire Antarctic,

although the reasons for this are still unclear (Smith

and Comiso 2008);

coastal waters are a stronger biogenic CO2 sink than

previously thought (Arrigo and others 2008a) – the

productive Ross Sea shelf area accounts for 27% of

the CO2 removed from the atmosphere by the entire

Southern Ocean (Arrigo and others 2008b);
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The Polar Front shifted to the south, which has resul-

ted in a turn-over of the pelagic system and shrinking

of the Antarctic pelagic habitat by an area of 2.4%

(Sokolov and Rintoul 2009);

the microbial community shifted towards smaller

cells increasing the significance of the microbial loop

for CO2 absorption in the sub-Antarctic (Evans and

others 2011);

emperor penguins in East Antarctica show low breed-

ing success due to changes in the food-chain and sea-

ice extent (Barbraud and others 2011a). Nevertheless,

recent satellite surveys show that there are many more

breeding colonies of emperor penguins than were

previously known (Fretwell and others 2012).

56. Disintegration of parts of the Larsen ice shelf on the

eastern side of the Antarctic Peninsula (Gutt and others

2011) caused several changes to the marine ecosystem:

phytoplankton blooms became a new carbon sink

(Peck and others 2009a);

there was an invasion of pelagic keystone species and

their predators (Scheidat and others 2011);

benthic systems responded at different speeds

(Hauquier and others 2011);

a few typical shelf-inhabiting pioneer species have

established successfully since the ice-shelf collapse

and their populations are increasing;

deep-sea species associated with the previous

nutrient-poor ecosystem can temporarily benefit from

enhanced phytoplankton blooms;

areas with high rates of iceberg grounding were dom-

inated by fast growing animals - icebergs can increase

or decrease local primary production and change its

composition (Schwarz and Schodlock 2009).

57. As CO2 dissolves in seawater the speciation of

dissolved inorganic carbon is altered. This is a pro-

cess termed ocean acidification. It potentially affects

all marine organisms as it makes it more difficult for

animals/plants to extract calcium carbonate (CaCO3)

from seawater to build skeletons and it influences other

physiological processes. Availability of CaCO3 is also

lower at low temperatures, and Antarctic marine species

have recently been demonstrated to have smaller skelet-

ons than those from lower latitudes (Watson and others

2012). Pelagic keystone species suffer from the effects

of acidification, but a range extension of the calcium

carbonate coccolithophore Emiliana huxleyi is associated

with neither warming nor acidification (Cubillos and

others 2007). Modern shells of the foraminiferan Globi-

gerina bulloides weigh 30–35% less than those preserved

in Holocene-aged sediments, which is consistent with

predicted effects of ocean acidification (Moy and others

2009). Few investigations have focused on abilities to

compensate the negative effects or adapt to acidification,

but a bivalve and a diatom are known to respond neutrally

to acidification (Boelen and others 2011, Cummings and

others 2011). Furthermore some echinoderms grow faster

in lowered pH (DuPont and others 2010), and such

capacities for Antarctic species are yet to be reported.

Permafrost

58. There is little information on recent changes in

permafrost temperature in the Antarctic. On Signy Is-

land the active layer (the permafrost layer experiencing

seasonal freeze and thaw) increased in depth by 30 cm

from 1963–1990, when the island was warming, then

decreased by the same amount from 1990–2001, when

it cooled slightly during the summer. In northern Victoria

Land between 1996 and 2009 the active layer exhibited

a thickening trend (1 cm per year) comparable with the

thickening rates observed in several Arctic locations.

Over the same period (1999–2007) permafrost temper-

atures in northern Victoria Land showed an increase of

0.1◦C per year at depths greater than 0.3 m down to 3.6

m despite the stability of the air temperature. On the

other hand in McMurdo Sound the temperature history,

reconstructed by the permafrost thermal profile from

boreholes 30 m deep and using an inversion procedure,

suggested a slight cooling from 1998 to 2003 followed

by a slight warming to 2008. During the IPY period

several other boreholes were drilled mainly in maritime

Antarctica and in the coming years these data will provide

a better estimate of permafrost and active layer responses

to climate change.

Tropospheric chemistry

59. The elements cadmium (Cd), lead (Pd), bismuth

(Bi), arsenic (As), and lithium (Li) are enriched across

Antarctica relative to both ocean and upper crust ele-

mental ratios. Global volcanic outgassing accounts for

the majority of the Bi measured in East and West Ant-

arctica and for a significant fraction of the Cd in East

Antarctica. Nonetheless, global volcanic outgassing does

not account for the enriched values of Pb or As. Local

volcanic outgassing from Mount Erebus may account for

a significant fraction of the As and Cd in West Antarctica

and for a significant fraction in East Antarctic glaze/dune

areas. Despite potential contributions from local and

global volcanic sources, significant concentrations of Pb,

Cd, and As remain across much of Antarctica, suggestive

of increased influence of anthropogenic emissions (Dixon

and others 2011b).

The next 100 years

60. Determining how the environment of the Antarctic

will change over the next century has implications for

policymakers and presents scientific challenges. The

climate models used for assessing future climate change

vary in complexity. Most of the current generation of

climate models are climate ‘simulators’, in the sense that

they attempt to represent, as realistically as is practical,

known processes that are important in influencing cli-

mate change. They are the most realistic means we

have currently of providing projections of future environ-

mental behaviour, albeit crudely and at coarse resolution.

The large regional climate variability around Antarctica

makes it difficult to assess the skill of climate models in

simulating recent change. However, there are clear biases
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in their representation of the mean state. Considering

the implications of these biases for projections of 21st

century change is an important aspect of assessing data

from collections of climate models, which give a range

of responses to anthropogenic forcing.

61. Numerically-based biological models cannot yet

approach the relative sophistication of models of the

physics of the climate system, while physical models

do not approach the level of spatial scale or resolution

required for application to biological systems, providing

yet a further limitation on what can be said about biotic

and ecosystem responses (Gutt and others 2012).

62. The degree to which the Earth’s climate will

change over the next century is dependent on the success

of efforts to reduce greenhouse gas emissions. The 2009

ACCE report focused on outputs from IPCC models that

assumed a doubling of CO2 and other gases by 2100 (the

SRESA1B scenario). These outputs may be too conser-

vative, given that some indicators are already changing

faster than predicted in IPCC projections (Boden and

others 2012). There are also uncertainties on climate -

carbon cycle feedbacks.

Atmospheric circulation

63. Coupled chemistry-climate models indicate that the

recovery of the ozone hole will act to make the phase of

the SAM more negative during the austral summer. How-

ever, general circulation models (GCMs) suggest that in

other seasons increasing greenhouse gas concentrations

are likely to act to continue strengthening the positive

phase of the SAM resulting in stronger circumpolar

westerly winds. There is still major uncertainty from

models as to the relative size of changes in the SAM

due to ozone-hole recovery and to increased greenhouse

gases, which act in opposite senses on the SAM and with

different seasonalities.

Temperature

64. The IPCC Fourth Assessment Report (AR4) models

project significant surface warming over Antarctica to

2100, by 0.34◦C per decade over land and grounded ice

sheets, within a range from 0.14 to 0.5◦C per decade.

Over land, the largest increase is projected for the high-

altitude interior of East Antarctica. Despite this change,

the surface temperature by the year 2100 will remain

well below freezing over most of Antarctica and will

not contribute to melting inland. Despite this, any

increases in the number of ‘degree days above freezing’

in these continental inland locations, particularly at the

‘microhabitat’ scale relevant to the native terrestrial biota,

will continue to exert a positive control on biological

communities living there (Hodgson and others 2010).

65. Based on AR4, the largest atmospheric warming

projected by the models is over the sea ice zone in winter

0.70 ± 0.45◦C per decade off East Antarctica), because

of the retreat of the sea-ice edge and the consequent

exposure of the ocean.

66. While there is confidence in the overall projection

of warming, there remains low confidence in the regional

detail, because of the large differences in regional out-

comes between models.

67. The annual mean warming rate in the troposphere

at 5 km above sea level is projected to be 0.28◦C per dec-

ade - slightly smaller than the forecast surface warming.

68. As yet neither the magnitude nor frequency of

changes to extreme conditions over Antarctica can be

forecast - something that biologists need to assess po-

tential impacts. The extreme temperature range between

the coldest and warmest temperature of a given year is

projected to decrease around the coasts and to show little

change over the interior.

69. A global warming of 3◦C is expected to cause

larger temperature change in Antarctica (due to polar

amplification mechanisms). A 4◦C warming in Antarc-

tica within 100 years is abrupt compared to the past

temperature variations documented in Antarctic ice cores

(with the fastest change around 4◦C per 1000 years during

the last deglaciation). In Antarctica, local temperature

changes corresponding to a global warming of 3◦C reach

temperature levels that were probably last encountered

about 120 to 130,000 years BP, during the last interglacial

period, albeit in response to a different perturbation

(changes in insolation driven by changes in the Earth’s

orbit). The analogy between last interglacial and future

changes is only partial due to different latitudinal and

seasonal characteristics of orbital and greenhouse gas for-

cing, but many of the biological responses are expected to

share similar trajectories.

70. The climate of the Antarctic is very variable on

all timescales compared to lower latitude areas because

of the non-linear interactions between the atmosphere,

ocean and ice. This makes it difficult to separate natural

climate variability from anthropogenic influences, such

as an increase in greenhouse gas concentration. It also

means that it is difficult to predict how the climate of the

Antarctic and the Southern Ocean will change over the

next few decades when the greenhouse gas concentration

increases are relatively small compared to pre-industrial

levels.

Precipitation

71. The current generation of numerical models un-

derestimates precipitation across the Antarctic contin-

ent. This is due to problems in parameterising key

processes that drive precipitation (for example because

polar cloud microphysics is poorly understood), and

because the smooth coastal escarpment in a coarse

resolution model causes cyclones to precipitate less

than they do in reality. Warmer air temperatures and

associated higher atmospheric moisture in most mod-

els cause net precipitation to increase in the future.

Most climate models simulate a precipitation increase

over Antarctica in the coming century that is larger

in winter than in summer. Model outputs suggest

that the snowfall over the continent may increase by

20% compared to current values. With the expected

southward movement of the mid-latitude storm track
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we can expect greater precipitation and accumulation

in the Antarctic coastal region. The form that precipit-

ation takes is of biological significance (liquid water is

immediately available to biota whereas snow is not).

The ozone hole

72. By the middle of the 21st century springtime concen-

trations of stratospheric ozone are expected to have sig-

nificantly recovered and will have almost fully recovered

by the end of the 21st century. Models disagree about the

timing of the recovery, but assuming future atmospheric

dynamics are similar to today’s, it has been forecast on

empirical grounds that ozone loss rates will begin to

decline noticeably between 2017 and 2021 (Hassler and

others 2011). Increased greenhouse gas concentrations

will have further cooled the stratosphere, which increases

ozone in its global balance of chemical reactions, so

ozone amounts outside the ozone hole period should then

be greater than in the 1970s.

73. Greenhouse cooling in the upper mesosphere is

offset by both radiative and dynamical feedbacks asso-

ciated with CO2 (radiative transfer, solar heating in the

2 and 2.7μm IR bands and modification of mesospheric

circulation) and the ozone depletion in recent decades.

In the case of the latter, larger mesosphere/lower thermo-

sphere region temperature changes may be expected over

the next few decades as ozone levels recover.

Tropospheric chemistry

74. Various trace gases, such as dimethyl sulphide (DMS)

generated by plankton, are released from the oceans and

sea-ice (Asher and others 2011) around Antarctica. In a

warmer world, with reduced sea ice extent, emissions of

gases such as DMS would probably increase, with a win-

tertime minimum and an extended summer maximum.

DMS is a source of cloud condensation nuclei (CCN)

via its oxidation to sulphate. Increasing the number of

CCN may increase cloudiness and albedo influencing the

Earth’s climate.

Terrestrial biology

75. Increased temperatures may promote growth and

reproduction, but also locally cause drought and asso-

ciated effects. Changes to water availability have a

greater effect than temperature on microbial, vegetation

and faunal dynamics. Future regional patterns of water

availability are unclear, but climate models predict an

increase in precipitation in coastal regions. An increase

in the frequency and intensity of freeze-thaw events could

readily exceed the tolerance limits of many endemic

invertebrates. With increases in temperature, many ter-

restrial species may exhibit faster metabolic rates, shorter

life cycles and local expansion of populations. Even

subtle changes in temperature, precipitation and wind

speed will probably alter the catchment of lakes, and

of the time, depth and extent of their surface ice cover,

water volume and chemistry, with resulting effects on

lake and dependent terrestrial ecosystems. Warming also

increases the likelihood of invasion by more competitive

alien species carried by water and air currents, humans

and other animals. Changes may alter the relative im-

portance of different mechanisms and opportunity for

dispersal and establishment of both native and exotic

biota. Notably, current evidence suggests that humans

may be responsible for two or more orders of magnitude

of establishment events of non-indigenous species to

Antarctica than would occur with natural colonisation

processes (see discussion in Hughes and Convey 2012).

The terrestrial cryosphere

76. Existing ice-sheet models do not properly reproduce

the observed behaviour of ice sheets, casting doubt on

their predictive value. The models fail to take into ac-

count mechanical degradation (for example water causing

cracks to propagate in summer), changing lubrication of

the base of the ice by an evolving subglacial hydrological

regime, or the influence of variable sub-ice-shelf melting

on the flow of outlet glaciers and ice streams. Predictions

of the future state of ice sheets are based on a combination

of inferences from past behaviour, extension of current

behaviour, and interpretation of proxy data and analogues

from the geological record.

77. The most likely regions of future change are those

that are changing most today. Warm CDW will continue

to flow onto the continental shelf in the Amundsen Sea,

melting the underside of the ice sheets and glaciers. If sea

surface temperatures in the central tropical Pacific play a

role in controlling the atmospheric forcing on the inflows,

the future warming in that region predicted by coupled

climate models would have the effect of strengthening

the inflows. It has been suggested (Vaughan and Spouge

2002) that there is a 30% probability that loss of ice from

the West Antarctic ice sheet could cause sea level to rise

at a rate of 0.2 cm per year, and a 5% probability it could

cause rates of 1 cm per year. In addition, the ice shelves in

the Amundsen Sea Embayment could be entering a phase

of collapse that could lead to de-glaciation of parts of the

West Antarctic Ice Sheet. Ultimately, this sector could

contribute 1.5 m to global sea level, so a contribution

from this sector alone of some tens of centimetres by

2100 cannot be discounted. These estimates are based

upon the assumption that the ice sheets will respond

linearly to warming and that sea level contributions will

be confined to the West Antarctic ice sheet. Evidence

for past abrupt changes in climate and inclusion of

all marine-based regions could significantly raise these

estimates.

78. On the Antarctic Peninsula, most of the effects

leading to loss of ice are confined to the northern part,

which contains ice equating to a few centimetres of global

sea-level rise. Increased warming will lead to southerly

progression of ice shelf disintegrations along both coasts.

These may be preceded by increases in surface and basal

melting, and/or progressive retreat of the calving front.

Prediction of the timing of ice shelf disintegration is not

yet possible, but seems to relate to the progression of

the −9◦C isotherm. Removal of ice shelves will cause
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glaciers to speed up as buttressing forces are reduced.

The total volume of ice on the Peninsula is 59,158 km3,

equivalent to 147±64 mm of sea-level or roughly one

quarter of the sea-level contained within all glaciers

and ice caps outside of the Greenland and Antarctic ice

sheets. Increased warming is expected to lead to a sub-

stantial contribution to sea-level rise from the Peninsula.

Radić and Hock (2011) have estimated the contribution to

sea level rise by mass losses from the peripheral glaciers

and ice caps from Antarctica at 21±12 mm sea level

equivalent (mostly from the Antarctic Peninsula region)

over the period 2001–2100.

Sea level

79. The IPCC’s Fourth Assessment Report projected

a range of global sea-level increase from 18 to 59 cm

between 1980–1999 and 2090–2099. This did not include

a contribution from the dynamically driven changes in

flow for portions of either the Greenland or Antarctic ice

sheets. Ice loss from Antarctica is expected to have major

implications, particularly for northern hemisphere sea

level. Regression modeling (Rahmstorf 2007; Vermeer

and Rahmstorf 2009) suggests that by 2100 global sea

level may rise by up to 1.94 m rather than the IPCC’s

suggested 59 cm. Sea level will not rise uniformly,

not least because of glacial isostatic adjustment, which

makes areas freed of ice rise, and surrounding areas sink.

The spatial pattern of sea-level rise projections shows a

minimum in sea-level rise in the Southern Ocean and a

maximum in the Arctic Ocean.

Biogeochemistry

80. Model projections for the remainder of the 21st

century suggest that the Southern Ocean will be an

increased sink of atmospheric CO2. The magnitude of

the uptake will depend on how the ocean responds to

increases in ocean warming and to stratification, which

can drive both increases in CO2 uptake through biological

and export changes, and decreases through solubility and

density changes. Changes in atmospheric circulation

(for example increases in the intensity of the southern

hemisphere westerly winds associated with the SAM

being in a positive phase) may affect the rate of deep

ocean upwelling, bringing old CO2 to the surface and

reducing the efficiency of the Southern Ocean CO2 sink.

Marine biology

81. Growth of phytoplankton is shaped by climate

(Montes-Hugo and Yuan 2012) and determines the capa-

city of the Southern Ocean to act as a biological CO2 sink

or source. Phytoplankton are exposed to changes in (a)

sea ice, (b) nutrients, by upwelling or remineralisation,

(c) micronutrients, for example by wind driven iron fer-

tilisation, (d) stratification of the water column, (e) water

characteristics: light, salinity, temperature, CO2, acidity,

(f) habitat size and (g) biological interactions. Changes in

primary production have already impacted and will con-

tinue to impact other marine organisms through provision

of their primary food source. Metabolites derived from

algae can accelerate climate change.

82. A theoretical Southern Ocean with only 5% of

today’s ice extent would produce 29% more algae due

to the loss of sea ice as their habitat and an extension

of pelagic zones (Arrigo and Thomas 2004). Ice is

not the exclusive habitat for most small organisms, thus,

their overall species richness will not be affected signi-

ficantly. Penguin colonies north of 70◦S are projected

to decrease, but growth might occur to a limited extent

south of 73◦S (Ainley and others 2010). Negative effects

would be evident in sea ice obligatory pack ice seals:

crabeater, leopard, Ross (Siniff and others 2008), and

ice-avoiding penguin species are likely to continue their

southward expansion of range. Climate-induced potential

effects of climate change on biogeographic ranges of

selected mammals, including whales, were assessed by

Learmonth and others (2006). Some icefish and pelagic

fish species will also suffer from sea ice reduction since

they depend on the ice shaping their habitat.

83. Model projections suggest warming of 0.5 to

0.75◦C by 2100 of most surface and bottom waters,

with exceptions in part of the more stable Weddell Sea

(Hellmer and others 2012) and above average changes

near the ACC (Sokolov and Rintoul 2009). Thus, the

effects on the marine biota may be less than has been

feared from laboratory experiments. Benthic organisms

including fish are especially sensitive to warming. Most

species have upper lethal temperatures below 10◦C. Some

can survive only less than a 5◦C change in combination

with oxygen limitations (Peck and others 2009b). Per-

formance of critical activities can be reduced long before

lethal levels are reached. Species predicted on the basis

of short-term experiments to suffer under only minor

warming are found to be less impacted under longer term

acclimatisation (Morley and others 2011), for example at

8◦C above their usual temperature, such as the fish Pag-

othenia borchgrevinki (Franklin and Seebacher 2009).

However, links between short-term temperature tolerance

and prospects for surviving changing environments seem

to exist (Barnes and others 2010). Several marine in-

vertebrates are distributed across sites or depths with a

greater temperature range than their ‘typical Antarctic

conditions’, for example around South Georgia (Morley

and others 2010). Nevertheless, it must be assumed that

some of the already observed climate-induced impacts

to the ecosystems will continue. Increasing intrusion of

warmer water onto the shelf will result in a continued

decline in habitat for crabeater seals, but elephant seals

and possibly fur seals are likely to benefit regionally

(Costa and others 2010). Genomic studies for example

on the physiologically important nitrogen monoxide pro-

duction and neuroglobin genes of icefish (Cheng and

others 2009) may help to predict how icefish can cope

with global change. Black-browed albatross and snow

petrel populations are predicted to respond negatively

to sea surface temperature warming and decline of sea

ice (Barbraud and others 2011b). As mentioned earlier,
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a hypothesised spread of king crabs up onto the shelf

within 1–2 decades (Smith and others 2012) could cause

a complete ecological regime shift.

84. There are measurable changes in marine carbon-

ate chemistry (ocean acidification) that have been shown

to change physiological and biogeochemical systems. In

the second half of this century the aragonite saturation

horizon is likely to reach the ocean surface in parts of the

Southern Ocean, making the entire water column under-

saturated. The planktonic food chain, benthic life, remin-

eralisation processes including the ‘microbial loop’ and

the carbonate flux to the deep-sea (Hunt and others 2008)

will all be significantly affected. Many groups including

foraminifera, corals, molluscs (McClintock and others

2009), echinoderms (McClintock and others 2011), and

coralline algae are potentially threatened unless they have

mechanisms to prevent shell dissolution (see for example

Fabry and others 2009). The observed transition from

larger diatoms to smaller cryptophytes would result in

a 40–65% decrease of carbon supply to higher trophic

levels, but to increased food supply to the benthos, from

which suspension feeders might not benefit as much as

the more opportunistic deposit feeders (for such benthic

dynamics see Sumida and others 2008). The Southern

Ocean is at higher risk than other oceans because it

has low saturation levels of CaCO3 (Comeau and others

2012). Acidification is a serious threat because organisms

cannot ‘escape’ if the entire ocean is affected.

85. Increasing CO2 can also lead to increased

phytoplankton productivity, altered species composition

and effects on biological carbon cycling creating climate

feedbacks (Moreau and others 2012).

86. Direct and other disturbances that might occur

include (Brandt and Gutt 2011; Somero 2012 and refer-

ences therein):

increased ice scouring, leading to reduced benthic

diversity in shallow depths;

increased scouring of large icebergs at greater depths

leading to an increase of regional benthic biodiversity;

long-term decreases in ice scour by icebergs, resulting

in decreased biodiversity;

lack of anchor ice, preventing ‘explosive’ growth of

opportunistic benthic species;

increased coastal sedimentation associated with de-

glaciation on land, smothering benthos and hindering

feeding (Brey and others 2011);

freshening of surface waters changing buoyancy espe-

cially of eggs, and supporting the greater stratification

of the water column with further impact on the food

web and the response of the benthic system;

continuation of ice shelf disintegration, initiating ma-

jor ecosystem regime shifts;

slight deoxygenation of surface waters, leading to

more serious deoxygenation in deeper layers.

87. It seems unlikely that species will become extinct

by 2100 due to warming, either because they are able to

cope ecologically and physiologically with the predicted

environmental changes, or because they are not restricted

in their occurrence to an area with a harmful temperature

increase (Brandt and Gutt 2011).

Ocean circulation and water masses

88. Ocean models have improved in recent years in

resolution and in their representation of unresolved pro-

cesses. Grid spacing as small as 10 km in the horizontal

is not uncommon, yet even this relatively high resolution

is not sufficient to resolve the smaller eddy structures at

high latitudes. Small topographic features are crucial to

resolve as well, for example for shelf-ocean exchange,

and models are not able to capture this phenomenon very

well. Given the key role of ocean eddies in north-south

heat and property transport in the Southern Ocean, these

limitations are important to overcome. Ocean models

generally predict a very small net intensification of the

ACC in response to the overall southward shift and

intensification of the westerly winds over the Southern

Ocean. However, there may be large regional differences

in any meridional shift in the location of the ACC, with

a northward change in the current cores possible in some

locations. The increase in ACC transport projected for

2100 reaches a few Sverdrups (1 Sv = one million

cubic metres/second) in the Drake Passage, that is less

than conventional techniques are able to measure. The

enhanced winds induce a small southward displacement

of the core of the ACC (less than 1◦ in latitude on

average). Model-based predictions of future ACC flow

and structure are, however, currently inadequate.

89. The observed mid-depth and surface layer warm-

ing of the Southern Ocean is projected to continue (Sen

Gupta and others 2009). Ocean ventilation could be

increased because of enhanced divergence of surface wa-

ters induced by the increase in the wind stress and asso-

ciated upwelling, however stronger stratification caused

by heating and ice melt will counteract this and may

suppress overturning circulation and ventilation, as per

Helm and others (2011). The apparent contraction of

the abyssal layer of AABW in the Southern Ocean has

been attributed to the weakening of up to −6.9 Sv in

all the regional sources combined during the past few

decades (Purkey and Johnson 2012), that is a dramatic

slowdown of the lower limb of the global thermohaline

circulation based solely on previous estimates of AABW

production (8.1 Sv). Whether or not this contraction

reflects changes in source strength or different modes

of formations is not yet clear, hindering predictive skill

concerning future patterns of abyssal warming. Model

calculations suggest that bottom water formation will

be reduced and deep water will slightly warm by 2100

(Sen Gupta and others 2009), though IPCC-class models

do not represent Antarctic Bottom Water formation in

anything approaching an acceptable way.

Sea ice

90. Since the current generation of coupled climate

models have a very wide range of Southern Ocean sea

ice climatologies with few simulating the increase in ice

extent since the late 1970s (Turner and others 2013) we
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cannot have a high level of confidence in their predictions

for the next century. However, the AR4 climate models

suggest that the annual average total sea-ice area will

decrease by 2.6 (×106 km2, or 33% (Bracegirdle and

others 2008). Most of the retreat is expected to be in

winter and spring, so decreasing the amplitude of the

seasonal cycle of sea ice area. The current generation of

climate models is not able to provide a precise regional

picture of the changes to be expected.

Permafrost

91. It is likely that there will be a degradation of

permafrost conditions, accompanied by subsidence of

ground surface, development of thermokarst, and trigger-

ing of mass movements. Active layer thickening is also

predicted, although the link with air temperature is not so

clear and other factors like snow cover and solar radiation

significantly influence its evolution. Active layer thick-

ening could have a significant impact on vegetation and

soil ecosystems. Change is most likely in the northern

Antarctic Peninsula and the South Shetland and South

Orkney Islands and coastal areas in East Antarctica.

The forecast changes imply risks to infrastructure and to

ecosystems.

Concluding remarks

92. The climate of the high latitude areas is more variable

than that of tropical or mid-latitude regions and has

experienced a wide range of conditions over the last few

million years. The snapshot we have of the climate during

the instrumental period is limited in the long history of

the continent, and separation of natural climate variability

from anthropogenic influences is difficult. However, the

effects of increased greenhouse gases and decreases in

stratospheric ozone are already evident. The effects of

the expected increase in greenhouses gases over the next

century, if they continue to rise at the current rate, will be

remarkable because of their speed, and because of polar

amplification of the global warming signal. It should be

borne in mind that equally rapid change was also typical

in past deglaciations, for example 20,000 years ago at the

end of the LGM. Removal of the surface cooling effect

of the ozone hole as it diminishes in extent will accel-

erate the increase in surface temperature. We can make

reasonably broad estimates of how quantities such as

temperature, precipitation, acidification of the ocean and

sea ice extent might change, and consider the possible

impact on marine and terrestrial biota. We cannot yet say

with confidence how the large ice sheets of Antarctica

will respond, but observed recent rapid changes give

cause for concern - especially for the stability of parts

of West Antarctica.
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